• Background and Aims Glacial refugia and inter-/postglacial recolonization routes during the Quaternary of tree species in Europe and North America are well understood, but far less is known about those of tree species in subtropical eastern Asia. Thus, we have examined the phylogeographic history of Populus adenopoda (Salicaceae), one of the few poplars that naturally occur in this subtropical area.
INTRODUCTION
The impacts of Quaternary climate oscillations, during which glacial and interglacial cycles alternated, on organisms' distributions has attracted tremendous biogeographical attention (Bennett et al., 1991; Hewitt, 2000 Hewitt, , 2004 Tzedakis et al., 2013) . In recent decades, various approaches have been developed and refined to elucidate climate refugia, postglacial recolonization routes and associated demographic changes (Carstens and Richards, 2007; Avise, 2009; Gavin et al., 2014) . One is the construction of species distribution models (SDMs), for predicting past, present and future potential geographical distributions of species based on their ecological niches (Carstens and Richards, 2007; Elith and Leathwick, 2009 ). Another is model-based statistical phylogeographic inference (Knowles and Maddison, 2002; Carstens and Richards, 2007; Hickerson et al., 2010) using methods such as approximate Bayesian computation (ABC) to test series of complex biogeographic scenarios under a coalescent framework (Beaumont, 2010) . These approaches, together with the increasing abundance of fossil records (Tzedakis et al., 2013) , have enabled increasingly sophisticated reconstructions and compilations of Quaternary histories of species based on multiple lines of evidence (Carstens and Richards, 2007; Hickerson et al., 2010; Gavin et al., 2014) . Nevertheless, most studies concerning effects of climate oscillations have focused on species in Europe and North America (Hewitt, 2000 (Hewitt, , 2004 Shafer et al., 2010; Tzedakis et al., 2013) , while Quaternary range dynamics and genetic consequences for species in other regions (for example, subtropical China) remain less well understood (e.g. Qiu et al., 2011; Tian et al., 2015; Kou et al., 2016; Zhang et al., 2016) .
The subtropical China region usually refers to the hilly midelevation (Wu, 1980; Wu et al., 1987) areas in China bordered by the Qingling Mountains-Huai River line (~34° N) in the north, the tropics (~22° N) in the south, the Qinghai-Tibetan Plateau in the west and the coastline in the east. This geographically and climatically heterogeneous region covers around 2.4 million km 2 , >25 % of the area of China (Wang et al., 2009) . It incorporates large parts of the three major plant diversity hotspots in China -the Hengduan mountains, Central China and Lingnan areas (Ying, 2000) -plus various finer-scale biodiversity hotspots in the west (López-Pujol et al., 2011) . The current flora in this region is dominated by warm temperate to subtropical evergreen forests, intermingled with isolated patches of warm temperate to subtropical deciduous forests. Mean annual precipitation amounts to ~1814 mm and the mean annual air temperature is ~11.5 °C (Zhou et al., 2015) . During the Last Glacial Maximum (LGM), the climate in this region was ~4-6 °C cooler (Zheng et al., 2003) and precipitation was ~400-600 mm year −1 lower (Qiu et al., 2011; Lu et al., 2013) than currently, partly due to a stronger winter monsoon. Reconstructed palaeo-biome maps based on pollen records from the LGM indicate that plant species in the subtropical China region may have experienced latitudinal and altitudinal migrations, population extinctions and range fragmentation and/or expansion due to Quaternary climate oscillations (Yu et al., 2000; Harrison et al., 2001; Qiu et al., 2011) .
Previous phylogeographic studies have revealed multiple glacial refugia for tree species in subtropical China, and various woody species are likely to have experienced southward glacial retreat and northward, eastward or localized postglacial range expansions (Qiu et al., 2011; Qi et al., 2012; Shi et al., 2014; Sun et al., 2014a; Gong et al., 2016) . However, fewer such studies have fully covered the western part of subtropical China than eastern and southern parts of the region (Peng et al., 2015; Gong et al., 2016) . Therefore, the role of postglacial expansion in the assembly of the flora of western subtropical China remains obscure.
Populus adenopoda (Salicaceae), the Chinese aspen, is a deciduous and wind-pollinated tree of the subtropical China region (Fang et al., 1999) . It fruits around April to May, and produces numerous 'cotton-embraced' seeds that are well adapted to windaided dispersal (Fang et al., 1999) . It occurs from 300 to 2500 m a.s.l. on sunny slopes or along riversides, and is common in southwestern China, especially Guizhou, but scattered and rare in central and eastern China, with scant herbarium records. In Guizhou, this aspen is reportedly a pioneer tree species in burnt or disturbed sites, and it usually forms small pure stands or dominates mixed forest (Jiang and Tan, 2009) . Given its ability to rapidly colonize vacant habitats, P. adenopoda might be an ideal model to track the range dynamics of vegetation in subtropical China.
Thus, we have investigated the phylogeography of P. adenopoda by sequencing four maternally inherited chloroplast (cpDNA) markers (matK, trnG-psbK, psbK-psbI and ndhCtrnV) and genotyping ten bi-parentally inherited nuclear microsatellite (nSSR) loci across 39 populations covering the main geographic distribution of the species. We conducted various phylogeographic analyses, including coalescent-based DIYABC, and constructed SDMs to infer the species' potential distribution during the Last Interglacial (LIG), the LGM, the middle Holocene (MH), the present day and the future. We addressed the following three questions. Where were the glacial refugia (suitable habitats) for P. adenopoda during the late Quaternary, and are they consistent with previous phylogeographic studies and palaeo-biome reconstructions in this region? Did the species' range contract and expand along latitudinal gradients following Quaternary climate changes? Are there any phylogeographic and demographic indications of repeated range expansions and contractions?
MATERIALS AND METHODS

Sampling and data collection
Samples from 39 populations across the geographic distribution of Populus adenopoda in subtropical China were collected ( Fig. 1 ; Editorial Committee of Vegetation Map of China, 2007) . Fresh leaves of 5-20 individuals per population were sampled, dried and stored with silica gel. Sampled individuals of 37 populations were separated by at least 50 m, but individuals of populations 35 and 37 were only separated by at least 20 m, because there were too few individuals with larger spacing. The altitude, latitude and longitude of each sampled population were measured using an Extrex GIS monitor (Garmin, Taiwan) (Supplementary Data Table S1 ).
We examined nSSR and cpDNA sequences in 415 and 371 individuals of the 39 populations, respectively (Supplementary  Data Table S1 ). An individual of P. davidiana was sampled as an outgroup, to root the cpDNA haplotype network (see the Variations in cpDNA sequences section). Genomic DNA was extracted from the silica-dried leaves of each individual using the CTAB method (Doyle and Doyle, 1987) . Three cpDNA fragments (matK, trnG-psbK and psbK-psbI) were amplified using primers described by Schroeder et al. (2012) (Supplementary  Data Table S2a ). In addition, ndhC-trnV was amplified using newly designed primers (Supplementary Data Table S2a ). PCR reactions were carried out as described in Supplementary Data Table S2a . The PCR products were checked on 1 % agarose gels and sent to Tsingke Biological Technology (Beijing, China) for sequencing. The cpDNA sequences have been deposited in NCBI GenBank (accession numbers KX925263-KX925275).
After a preliminary screen of 24 nSSR loci using DNA from 48 individuals, 12 nSSR loci (Supplementary Data Table S2b ) (Tuskan et al., 2004; Ma et al., 2013; Jiang et al., 2016) were selected based on PCR success rate and polymorphism, for genotyping each individual. We performed PCR reactions as described in Supplementary Data Table S2b . The PCR products were checked on 1 % agarose gels and sent to Honor Tech (Beijing, China) for nSSR genotyping. Nuclear microsatellite data are available at ResearchGate (http://www.researchgate. net, doi: 10.13140/RG.2.2.12841.80480).
Statistical analyses of cpDNA sequence data
The cpDNA sequences were proofread and aligned using MEGA v. 6.06 (Tamura et al., 2013) , then haplotypes were detected using DNASP v. 5.10 (Librado and Rozas, 2009) . Insertions/deletions (indels, excluding mononucleotide repeats) were coded by the simple gap coding method (Simmons and Ochoterena, 2000) as implemented in Gapcoder (Young and Healy, 2003) , then the 0/1 characters (except '-' gaps after coding) were replaced manually by A/T to use indel information (e.g. Havrdová et al., 2015) . A median-joining haplotype network was constructed using NETWORK v. 4.5.1 (Bandelt et al., 1999) under the maximum parsimony criterion for the 39 populations. We also constructed a median-joining haplotype network for these populations together with 76 populations of the P. davidiana-rotundifolia complex, using samples collected in a previous study (Zheng et al., 2017) to detect possible shared cpDNA haplotypes between P. adenopoda and the complex.
Analysis of molecular variance (AMOVA) was performed to partition variation within and among populations using Arlequin v. 3.11 (Excoffier et al., 2005) . We also tested the presence of significant phylogeographic structure (the correlation between haplotypes' genetic and geographic closeness), by calculating and comparing G ST (coefficient of genetic variation over all populations) and N ST (coefficient of genetic variation over all populations that taking into account the similarities between haplotypes) statistics based on 1000 permutations in PERMUT (Pons and Petit, 1996) . When interpreting the results, we bore in mind that lack of significant phylogeographic structure does not necessarily mean lack of population structure.
To test for historical demographic expansions, mismatch distributions were implemented using Arlequin, based on 1000 parametric bootstrap replicates. We also conducted neutrality tests by calculating Tajima's D and Fu's F S values in Arlequin.
Statistical analyses of nSSR data
Microsatellite primers were synthesized with the 5′ end of the forward primer of each pair tagged with a 6-carboxyfluorescein (6-FAM), a carboxy-tetramethyl-rhodamine (TAMRA) or a hexachloro-6-carboxyfluorescein (HEX) fluorescent label, for automated fragment analysis using an ABI PRISM 3100 genetic analyser (Applied Biosystems, Foster City, CA, USA). Then, the nSSR genotype at each locus in each individual was determined using GeneMarker (Softgenetics, State College, PA, USA) and the FLEXIBIN Excel macro (Amos et al., 2007) . Finally, allele sizes at each locus were scored and checked for possible genotyping errors, like stuttering, large allele dropouts and null alleles, in CERVUS (Dakin and Avise, 2004) . Two loci at which null alleles (F (Null) > 0.4) were detected were eliminated and the remaining ten nSSR loci were subjected to further analyses (Supplementary Data Table S2b) . Populus adenopoda is known to reproduce clonally through basal shoots. This trait could enable the collection of samples from identical individuals, thereby interfering with results, but we minimized this risk by collecting samples from trees separated by at least 50 m in 37 populations and at least 20 m in the other two populations. We identified individuals using the nSSR data and GIMLET v. 1.3.3 (Valière, 2002 Table S1 . Our sampling covered the main part of the species' potential range (Fig. 7 ). observed heterozygosity; and H e , expected heterozygosity) were quantified using GenAlEx v. 6.0 (Peakall and Smouse, 2006) and Microsatellite Analyser (MSA) v. 4.05 (Dieringer and Schlötterer, 2003) . We also analysed partitioning of total genetic variation among groups, within populations and among populations by AMOVA, with 1000 permutations using Arlequin.
We used the individual-based Bayesian clustering method implemented in STRUCTURE v. 2.3.4 (Pritchard et al., 2000) to investigate population subdivision. For each K value between 1 and 10, we performed 20 independent simulations with 500 000 burn-in steps followed by 1 500 000 Markov chain Monte Carlo (MCMC) steps using the admixture model with correlated allele frequencies. The most likely numbers of clusters (K) were evaluated using both the likelihood estimation (Pritchard et al., 2000) and ΔK statistic (Evanno et al., 2005) method, implemented in STRUCTURE HARVESTER (Earl and vonHoldt, 2012) . These analyses were conducted both for the 39 sampled P. adenopoda populations and for these populations together with 76 populations of the P. davidiana-rotundifolia complex, using samples collected in our previous study (Zheng et al., 2017) based on ten nSSR loci, to detect possible sharing of genetic components between P. adenopoda and the complex.
To elucidate the demographic history of P. adenopoda, we employed the ABC framework in DIYABC v. 2.0 (Cornuet et al., 2014) to test six plausible scenarios based on nSSR loci (Fig. 2) , using parameter settings presented in Supplementary Data Table S3 . Both a direct approach and logistic regression analyses were applied to estimate the posterior probability of the best explanatory scenario and subsequent parameters of interest. The scenario with the highest posterior probability was selected, and the associated parameters were determined. Since estimates of time in DIYABC are in generation numbers, we assumed a generation time of 40 years for P. adenopoda to transform generation numbers into calendar years. The generation time of Populus was assumed to be 15 years by Levsen et al. (2012) and 20-60 years by Macaya-Sanz et al. (2012) . We adopted the average generation time of the latter study since we are studying P. adenopoda's evolutionary history during a very long time interval, and individuals probably took longer to reach sexual maturity in the harsh environments that prevailed during at least some past periods, especially glacial periods.
Isolation by distance, BARRIER and MIGRATE analyses
Isolation by distance was assessed with GenAlEx, by testing the correlation between the genetic differentiation, quantified as F ST /(1 -F ST ), and the corresponding geographical distance (km) between the 39 populations represented in the nSSR dataset. Monmonier's maximum-difference algorithm implemented in BARRIER v. 2.2 (Manni et al., 2004) was used to identify biogeographic boundaries, or areas marking the largest genetic discontinuities between population pairs. The robustness of these boundaries was assessed by applying the algorithm to 1000 Nei's distance matrices, produced by bootstrapping over loci with MSA.
Historical gene flow among different population groups (as identified by BARRIER analysis) was assessed using MIGRATE v. 3.2.6 (Beerli and Felsenstein, 1999; Beerli and Palczewski, 2010) . The amount and direction of gene flow were estimated from the nSSR data by calculating the parameters N e (effective population size) and effective number of migrants (2N e m, where m is the migration rate). Using the continuous Brownian motion model, we started five independent MCMC chains, each with 5 000 000 generations and sampled every 100 steps under a constant mutation model, discarding the first 1 000 000 records as burn-in. The mode and 95 % highest posterior density were then estimated after checking for data convergence.
Species distribution modelling
Species distribution models provide a means to predict potential historical changes in species' distributions independently of any genetic approach. We used SDMs to determine potential distributions of P. adenopoda, using the maximum entropy approach as implemented in MAXENT v. 3.3.3k (Phillips et al., 2006) , in six periods. These were the LIG (~140-120 thousand years ago [Ka] ), LGM (~21-18 Ka), MH (~6 Ka), the present day and two future scenarios, for the years 2050 (model rcp45, . Schematic representation of the six demographic scenarios (including model parameters) for P. adenopoda tested by the ABC method using the nSSR: (scenario 1) constant effective population size (N5); (scenario 2) an old expansion (N5 to N1, t2); (scenario 3) a recent expansion (N5 to N1, t1); (scenario 4) an old bottleneck (N5 to N2, t2) followed by a recent expansion that led to current effective size (N2 to N1, t1); (scenario 5) an old expansion (N5 to N3, t2) followed by a recent bottleneck (N3 to N2, t1); and (scenario 6) an old expansion (N5 to N4, t2) followed by a bottleneck (N4 to N2, t1 + db), and then a recent expansion (N2 to N1, t1). For settings of demographic parameters, see Supplementary Data Table S3 . Times and effective population sizes are not strictly to scale.
average over 2041-60, assuming a radiative forcing value of 4.5 W m −2 ) and 2070 (model rcp85, average over 2061-80, assuming a radiative forcing value of 8.5 W m −2 ). The present species occurrence data for P. adenopoda consisted of our 39 sampling sites (Supplementary Data Table S1 , field survey dataset) and records of the species' occurrence compiled since the 1980s in the Chinese Virtual Herbarium (www.cvh.org.cn). After eliminating potentially misidentified samples and specimens with recorded sampling sites that are too vague to trace, 81 points (42 from the herbarium records and 39 from our field data) were retained and used in subsequent modelling.
We obtained the elevation variable and 19 bioclimatic variables for the six time periods at a resolution of 2.5 arcmin from the WorldClim database (http://www.worldclim.org; Hijmans et al., 2005) . To avoid model over-fitting, only the eight environmental variables with pairwise Pearson correlation coefficients <0.7 were retained for SDMs. Graphic displays of distributions predicted by each SDM were generated using DIVA-GIS v. 7.5 (Hijmans et al., 2012) .
RESULTS
Variations in cpDNA sequences
The total alignment length of the four cpDNA fragments in the 371 individuals examined was 2078 bp. Nucleotide substitution at one site and indels at nine positions were detected (Supplementary Data Table S4 ), and 13 haplotypes (H1-H13; Supplementary Data Table S1 ) were identified. In 11 populations a single haplotype was fixed. In addition, two, three, four and five haplotypes were detected in 20, 5, 2 and 1 populations, respectively; and all of the eight populations with three or more haplotypes occupied sites south of the Yangtze River, mostly on or around the Yunnan-Guizhou (Y-G) Plateau. Private haplotypes were found in eight populations (1, 2, 6, 12, 18, 20, 22, 24) , nearly all located in southern and central parts of the species' range. The haplotype frequencies for each population and their geographical distributions are shown in Supplementary Data Table S1 and Table S1 . The bottom central inset depicts a median joining phylogenetic network showing phylogenetic relationships among the cpDNA haplotypes; all branches indicate a single mutational step except for that connecting H6 to the outgroup (22 mutations). Diameters of the circles are proportional to the numbers of samples per haplotype. Grey scale key shows heights above sea level in metres.
by P. adenopoda and the P. davidiana-rotundifolia complex was found (Supplementary Data Fig. S1 ). According to AMOVA, 79.07 % of the cpDNA variation was within populations, and only 20.93 % among populations (F ST = 0.20931, P < 0.01) (Table 1) . Moreover, a permutation test revealed that G ST (0.328 ± 0.063) exceeded N ST (0.323 ± 0.049), but not significantly (P > 0.05). Thus, we did not detect significant phylogeographic structure in the sampled populations of P. adenopoda (Pons and Petit, 1996) .
Results of our mismatch distribution analysis based on the cpDNA sequence data are indicative of demographic expansion. Neither results of further variance analyses nor the raggedness index obtained significantly deviated from expectations based a model of sudden population expansion (Table 2) . Nevertheless, Fu's and Tajima's neutrality tests yielded nonsignificant negative values (Fu's F S = −0.79739, P > 0.05; Tajima's D = −0.5768, P = 0.272) ( Table 2) .
Genetic diversity, division of population groups and asymmetrical migrations between groups based on nSSR markers
Among the ten nSSR loci, we identified 3.5 alleles per locus on average per population. The mean effective number of alleles (A e ) and genetic diversity (H e ) were 2.4 and 0.418, respectively. The geographical distributions of corrected allele richness (Ar_5) and genetic diversity for each population are shown in Fig. 4 . Our individual identification analysis revealed that the data for ten nSSR loci can differentiate two siblings from the same population, and the likelihood of wrong ascertainment is <0.01 (Supplementary Data Fig. S2 ). Thus, our individual identification analysis indicates that we took no repeated samples from the same clone. The AMOVA indicated significant genetic differentiation (F ST = 0.15583, P < 0.01) across the sampling range (Table 1 ). The isolation-by-distance analysis detected statistically significant but weak correlation between pairwise geographical distance and genetic differentiation (R 2 = 0.135, P = 0.010; Supplementary Data Fig. S3 ) compared with reported correlations for other species studied in subtropical China (e.g. R 2 = 0.384 [Li et al., 2012] ; R 2 = 0.6183 [Sun et al., 2014a] ; R 2 = 0.4305 [Sun et al., 2014b] ; R 2 = 0.3270 [Gong et al., 2016] ).
The BARRIER analyses detected well-supported genetic and/or biogeographic barriers, separating populations into five groups (Fig. 5D, Supplementary Data Fig. S4 ). The AMOVA indicated that among-group, among-population and within-population variation accounted for 6.14 %, 11.14 % and 82.72 % of the total genetic variation, respectively (Supplementary Data Table S5 ). MIGRATE analyses of gene flow between groups indicated that little gene flow occurred between group III and groups to the north (IV and V; Supplementary Data Fig. S5 , Table 3 , Supplementary Data Table S6 ). Indications of high levels of gene flow into the single-population groups (I and II) were obtained, but these may have been artefacts associated with very uneven sizes of the groups of populations (Table 3,  Supplementary Data Table S6 ).
Population structure based on nSSR markers
In the Bayesian clustering analysis using STRUCTURE, results of the ΔK method suggest that the genetic structure of P. adenopoda can best be explained by two clusters (Supplementary Data Fig. S6b ). However, four (K = 4) or six (K = 6) clusters could also reflect the true number for three reasons. First, of the five K values (2-6) with narrow standard deviations of log probability, ΔK values for K = 4 and K = 6 also show peaks, albeit lower than the peak for K = 2. Second, the log probability is highest for K = 6, although the log probability of K = 4 seemed to have reached a plateau. Third, the L′(K) value is highest for K = 2, slightly lower for K = 6 and markedly lower for K = 4. Hence, K = 2, 4, 6 may all be potential true cluster numbers (Supplementary Data Fig. S6 ).
When two clusters were assumed (K = 2), every population contained a mixture of both clusters, but cluster 2 dominated populations of the Y-G Plateau (BARRIER group III) and the north-central part of the range, while cluster 1 was the major cluster in all north-eastern and north-western populations except P34 (Fig. 5A) . When four or six clusters (K = 4 or K = 6) were assumed, group III was again dominated by a single cluster (cluster 1 in both cases), whereas cluster 4 dominated most populations of the north-central parts of the range (Fig. 5B, C) . Populations in the north-east and north-west contained mixtures of various clusters other than cluster 1 under K = 4 or K = 6. Local subgroups showing similar proportions of clusters were discernible, especially under K = 6: P29, P30 and P31 in the far north-west had high proportions of cluster 5, whereas the nearby populations P26, P27 and P28 had higher proportions of clusters 3 and 4. The most northerly populations, P32 and P33, were dominated by cluster 3, whereas the most easterly ones (P38, P39, P36 and P37) all had >50 % cluster 2. However, Fig. 4 . Maps of (A) allelic richness (Ar_5) and (B) expected heterozygosity (H e ) for each sampled population. Geographical distributions of genetic diversity were visualized by mapping variation in allelic richness (Ar_5, based on five samples per population) and expected heterozygosity (H e ) across 39 sampled populations of P. adenopoda in DIVA-GIS v. 7.5 (Hijmans et al., 2012) .
these are largely differences in proportions of clusters (rather than presence or absence) among populations, and are consistent with gene flow among all these populations and groups thereof, except that there seemed to be little gene flow in or out of south-central group III (Fig. 5) . To facilitate discussion, the subsequent text concerns results for K = 6 unless otherwise stated, as they provide more details for visually inspecting differences and connections among populations. Meanwhile, we detected no clear signs of sharing of genetic components between the 39 populations of P. adenopoda and 76 populations of the P. davidiana-rotundifolia complex in our Bayesian clustering analysis when K = 2 (Supplementary Data  Fig. S7 ).
Inferring demographic history using ABC
The DIYABC analyses provide the strongest support for scenario 6 (Sc6 in Supplementary Data Fig. S8 ), i.e. an ancient range expansion, followed by a bottleneck event and a recent range expansion (Fig. 2) . Both estimates of posterior probabilities (obtained from the direct approach and logistic regression) for this scenario (95.00 %, 89.64 %) are far higher than those for Sc1 (0.00 %, 0.00 %), Sc2 (0.00 %, 0.00 %), Sc3 (0.00 %, 0.00 %), Sc4 (5.00 %, 10.35 %) and Sc5 (0.00 %, 0.00 %). Moreover, Sc6 has the lowest average type I error rate (6.84 %; Supplementary Data Table S7 ). The marginal posterior probability densities for the demographic parameters of Sc6 (Supplementary Data Table S8 ). Despite the wide 95 % confidence intervals, the initial expansion clearly seemed to occur around the beginning of the LIG, whereas the bottleneck began and ended around the beginning and end of the LGM, respectively.
Species distribution modelling
The MAXENT models based on our field survey dataset (39 presence sites) generated robust predictions of P. adenopoda's past, present and future potential distributions. Average areas under the receiver operating characteristic curve (AUC) from 20 replicate MAXENT runs for the present-day, LGM, LIG, MH, 2050 and 2070 models of P. adenopoda distributions were 0.982 ± 0.005, 0.983 ± 0.006, 0.976 ± 0.012, 0.980 ± 0.004, 0.979 ± 0.005 and 0.980 ± 0.005, respectively, indicating that our models differed greatly from random expectations.
The predicted current distributions of P. adenopoda (Fig. 7A ) strongly overlapped with the population sampling range, indicating that our genetic survey covered the core of the species' potential range in central and south-western China. The predicted present-day and MH distributions are nearly identical (Fig. 7) . However, the LGM model showed a clear southward and westward range contraction relative to the present day, with N e , effective population size; μ, mutation rate (μ = 10 −3 per gamete per year); θ = 4N e μ; 2N e m I→, effective number of migrants from group I to groups II, III, IV and V, respectively; 2N e m II→, effective number of migrants from group II to groups I, III, IV and V, respectively; 2N e m III→, effective number of migrants from group III to groups I, II, IV and V, respectively; 2N e m IV→, effective number of migrants from group IV to groups I, II, III and V, respectively; 2N e m V→, effective number of migrants from group V to groups I, II, III and IV, respectively.
The mode value of the posterior distribution of each parameter is listed in bold, and values of the lower and upper 95 % credibility intervals are shown in brackets.
relatively low habitat suitability (< 0.50) for northern parts of the current range and eastern China, but moderate habitat suitability in central and south-western China (0.50-0.75; Fig. 7 ). The LIG model also showed a clear southward range contraction in central China relative to the present day, but expansion in eastern China (Fig. 7) .
The potential distribution of P. adenopoda was modelled under two climate change scenarios, for the years 2050 (model rcp45) and 2070 (model rcp85) (Supplementary Data Fig. S9 ). The two scenarios showed distributions, based on areas with putatively moderate to high habitat suitability (>0.5), similar to the present-day model (Supplementary Data Fig. S9) .
Encouragingly, the MAXENT models based on the field survey dataset (39 presence sites) and those based on herbarium samples in addition to this dataset (81 presence sites) generated largely similar potential distributions ( Supplementary  Data Fig. S10 ). Finally, MAXENT distributions based on our field survey dataset and habitat suitability >0.75 captured the species' major distribution area best, so we consider them in further discussion. 
DISCUSSION
Genetic diversity and genetic structure
Our genetic survey of P. adenopoda across its range revealed several distinctive features relative to reported patterns for other tree species distributed in subtropical China. The number of cpDNA haplotypes (13, based on four cpDNA fragments) and the total cpDNA haplotype diversity (H T = 0.502) were both low compared with those of many other tree species examined in the region, e.g. Loropetalum chinense (three cpDNA regions, H T = 0.767; see Gong et al., 2016 for a brief summary), Quercus glauca (three cpDNA regions, H T = 0.908; Xu et al., 2015) and Taxus wallichiana (one cpDNA region, H T = 0.884; Gao et al., 2007) . We also detected moderate nSSR gene diversity (ten nSSRs, H e = 0.418; Supplementary Data Table S1 ), lower than the reported nuclear gene diversity of Cercidiphyllum japonicum (seven nSSRs, H e = 0.838; Qi et al., 2012) , but higher than the nuclear gene diversity of Loropetalum chinense [amplified fragment length polymorphism (AFLPs), H e = 0.263; Gong et al., 2016] and Emmenopterys henryi (AFLPs, H e = 0.217, mean value = 0.117; Zhang et al., 2016) . Genetic variation was unevenly distributed across P. adenopoda's range. Three to five cpDNA haplotypes were detected in eight of the 39 populations, mostly located in the southern part of the sampling range (Fig. 3) . Conversely, average corrected allelic richness (Ar_5) and expected heterozygosity (H e ) at nSSR loci were higher in some peripheral populations and northern populations (Supplementary Data Table S1 , Fig. 4) . Havrdová et al. (2015) detected a similar pattern in European Alnus glutinosa populations. The AMOVA detected a moderate level of genetic variation between populations, in both the examined cpDNA sequences (F ST = 0.209) and nSSRs (F ST = 0.156; Table 1 ). However, higher levels have been found in populations of many other tree species in subtropical China, e.g. Ginkgo biloba (cpDNA-and AFLP-based F ST = 0.345 and 0.288, respectively; Gong et al., 2008) , Eurycorymbus cavaleriei (cpDNA-based F ST = 0.929; Wang et al., 2009) and L. chinense (cpDNA and AFLP-based F ST = 0.705 and 0.226, respectively; Gong et al., 2016) . This, plus the wide range of the commoner cpDNA haplotypes, and lack of phylogeographic structure (N ST < G ST , P > 0.05), indicates that levels of gene flow and migration have been higher among P. adenopoda populations than among populations of the other mentioned tree species in subtropical China. In contrast to the other species, P. adenopoda is wind-pollinated, deciduous and produces wind-dispersed seeds (Fang et al., 1999) , so detection of the higher rates of genetic exchange and migration in cpDNA as well as nSSRs suggests that seed dispersal was a major mediator of gene flow.
First, sampling of two or more ramets from the same clones may have biased the estimates, although we made efforts to minimize this risk (see Supplementary Data text for detailed discussion). Second, interspecific hybridization and subsequent introgression may lead to shared polymorphisms among species. However, we detected no clear signs of introgression between P. adenopoda and P. davidiana (Supplementary Data Figs S1 and S7), although we have observed hybrid individuals of these species (see Supplementary Data text for detailed discussion).
Potential glacial refugia indicated by cpDNA haplotype diversity, fossil records and SDMs
Locations of a species' possible glacial refugia can be inferred by integrating and reconciling three major lines of evidence: fossil records, SDMs and phylogeographic data (for a review see Gavin et al., 2014) . According to a palaeo-biome reconstruction based on pollen records, but with sparse sampling sites (Harrison et al., 2001) , temperate deciduous and mixed forests in central and southern China have moved northward >1000 km since the LGM. Warm temperate evergreen forests have also apparently migrated northward (Harrison et al., 2001; Qiu et al., 2011) . As P. adenopoda occurs in warm temperate evergreen forests and the southern parts of temperate deciduous forests (Fang et al., 1999) , the palaeo-biome reconstruction indicates that glacial refugia of this poplar may have been located in southern parts of its current range (Harrison et al., 2001) . Similarly, our SDMs showed a southward range contraction of P. adenopoda in the LGM (Fig. 7C) relative to the current distribution (Fig. 7A) . Only the central and southern parts of its current distribution range were predicted to provide moderately to highly suitable habitats during the LGM (Fig. 7C) . Thus, the SDMs suggest that these areas provided potential refugia for the species during glacial periods.
In phylogeographic studies, glacial refugia are usually detected by the presence of high diversity of haplotypes and major lineages within a species' populations (Comes and Kadereit, 1998; Hewitt, 2000) . We detected three or more haplotypes in only eight of the examined P. adenopoda populations, seven of which (P1, P2, P10, P12, P13, P16 and P17) were in the southern part of its range, the eastern Y-G Plateau (Fig. 3) . Hence, this area appears to have been the most important for preservation of P. adenopoda's haplotype diversity during glacial periods, i.e. the location of its main refugia. This plateau also putatively provided glacial refugia for Fagus longipetiolata, Pinus kwangtungensis and Taxus wallichiana (Gao et al., 2007; Liu, 2008; Tian et al., 2008) . Private haplotypes, found only in one population, may also be indicative of minor refugia (microrefugia or cryptic refugia) during glacial periods (e.g. Opgenoorth et al., 2010) . Populations P18, P20, P22 and P24 in the central part of P. adenopoda's range (Fig. 3) contain four private haplotypes and lie outside the putative major glacial refugia (P22 also contains two other haplotypes), and thus may occupy sites of such minor refugia. These populations are located in the northern Wuling Mountains and eastern Dabashan Mountains. The latter are putative glacial refugia for a group of tree species that occur or mainly occur in subtropical China, e.g. Quercus glauca (Xu et al., 2015) , Eurycorymbus cavaleriei (Wang et al., 2009) and Taxus wallichiana (Gao et al., 2007) .
Strong bottleneck during the late Quaternary
In agreement with the SDMs (Fig. 7) and palaeo-biome reconstruction (Harrison et al., 2001 ) discussed above, indicating or predicting that P. adenopoda's range contracted southward during the LGM, our coalescent-based demographic analyses (DIYABC) of nSSR data indicated that the species experienced a very strong bottleneck during the LGM (Figs 2 and 6 ). The likeliest scenario (Sc6) indicated that the species' effective population size shrank ~390-fold to just 815 individuals (N2) at around 25.88 Ka (t1 + db), from 318 000 before the bottleneck event (N4), and the population size increased again at 20.24 Ka (t1). Despite the uncertainty of estimates derived from coalescent-based demographic analyses in terms of 95 % confidence intervals (Supplementary Data Table S8 ) and generation times (Supplementary Data Table S9 ), the apparent timing of the bottleneck event correspond well with the beginning and end of the LGM, around ~26.5 and ~20-19 Ka, respectively (Clark et al., 2009) . The estimated effective size of the ancestral population size of P. adenopoda during the bottleneck event (815 individuals) is much smaller than reported estimates for ancestral populations of Populus tremula (~118 000 individuals; Ingvarsson, 2008) and Populus balsamifera (~20 000 individuals; Keller et al., 2010) . However, estimates in the two cited studies were based on nuclear DNA sequence data rather than nSSR sequences, so the apparent differences in N e during the bottleneck should be interpreted cautiously.
During a bottleneck event, the estimated effective population size is smaller and genetic drift is stronger than normal, which may result in increased frequencies of common alleles and decreased frequencies of rare alleles, and thus overall reductions in allele richness and genetic diversity (Freeland et al., 2011) .
Accordingly, in agreement with our DIYABC analyses, we found relatively low allele richness at the examined nSSR loci: both the mean number of alleles per locus (A = 3.5) and the mean effective number of alleles per locus (A e = 2.4) we obtained are lower than corresponding estimates for trembling aspen (Populus tremuloides) in North America (A = 6.4, A e = 3.5, 12 nSSR loci [Latutrie et al., 2016] ; A e = 5.99, eight nSSR loci [Callahan et al., 2013] ), white aspen in Europe (more specifically, Sardinia and Ticino: A e = 3.61 and 4.17, respectively, five SSR loci [Brundu et al., 2008] ) and two desert poplars in north-western China (Populus euphratica and Populus pruinose: A e = 3.68 and 2.86, respectively, eight SSR loci [Wang et al., 2011] ).
The cpDNA genetic diversity of P. adenopoda also indicates that the species may have experienced a population bottleneck. As discussed above, we detected 13 cpDNA haplotypes in all 371 trees from 39 populations, and the total haplotype diversity (H T ) was 0.502. Five of the haplotypes (H1, H2, H3, H6, H12) were detected in ~95 % of the sampled trees (352 out of 371); the other eight were detected in the other 29 sampled trees, three of them in singletons (H4, H10, H11; Supplementary Data Table S1 ). This is lower than published diversity estimates for other poplars with life histories and mating systems similar to those of P. adenopoda. For example, a PCR-RFLP analysis of six cpDNA fragments in 414 individuals from 22 populations of P. alba and P. tremula in Central Europe detected 59 haplotypes, and provided total haplotype diversity estimates for the species of 0.898 and 0.905, respectively (Fussi et al., 2010) . Another genetic survey detected seven haplotypes (based on unique event polymorphisms in two cpSSRs and one cpDNA fragment) solely in the Populus alba population of the Iberian Peninsula (Macaya-Sanz et al., 2012) . However, in North America, Populus balsamifera (occupying areas that were nearly completely covered by glaciers during the LGM) reportedly harbours a similar number of cpDNA haplotypes to P. adenopoda, although it has a much larger range (Breen et al., 2012) .
Evidence for repeated range contractions and expansions
Both the mismatch distribution analysis of the cpDNA haplotypes (Table 2 ) and the star-like haplotype network obtained (Fig. 3) clearly indicate that demographic expansion events occurred in the evolutionary history of P. adenopoda (Avise, 2004; Peng et al., 2015) . Our coalescent-based analyses of nSSR data also indicate that P. adenopoda probably experienced at least two rounds of range expansion and one bottleneck event (Fig. 6) . The first range expansion event, involving a >10-fold increase in population size around 139.2 Ka, roughly corresponded to the beginning of the LIG, 131-114 Ka. A second ~300-fold population expansion from N2 = 815 individuals during the bottleneck to N1 = 244 000 individuals apparently occurred as P. adenopoda geographically spread to its current distribution. This expansion seems to have started at 20.24 Ka, closely matching the end of the LGM around 20-19 Ka (Clark et al., 2009) . However, this timing should be treated cautiously as correlations between demographic and climatic events (e.g. the LIG and LGM) are weak if the generation time of P. adenopoda is assumed to be shorter or longer than the 40 years assumed for these calculations (e.g. 20 or 60 years; Supplementary Data Table S9 ).
As a strong recent bottleneck and subsequent range expansion may have partly or wholly obscured signatures of earlier demographic events and nSSRs have rapid mutation rates, we may not be able to detect bottleneck and range expansion events in earlier glacial and interglacial periods by coalescent-based analyses of nSSR data alone. However, further integration of the SDMs and inferred demographic dynamics during the LGM and LIG may be helpful in addressing this issue. DIYABC analysis indicated that P. adenopoda experienced a strong bottleneck during the LGM, and SDMs predicted that its range during the LGM (Fig. 7C ) was narrower than its ranges both now (Fig. 7A ) and during the LIG (Fig. 7D) . The SDMs also indicate that the species' populations expanded both during the LIG and postglacially, and its predicted range during the LIG (Fig. 7D) is similar to its range now (Fig. 7A ) and during the MH (Fig. 7B) . It should be noted that although the species was not present in northern parts of its current range, a nearly continuous distribution belt in southern China may have formed during the LIG (Fig. 7D) . Notably, our SDMs did not predict that anticipated climate change in the near future will substantially alter the species' distribution (Supplementary Data Fig. S9 ). However, P. adenopoda likely underwent repeated demographic contractions and expansions during previous glacial and interglacial cycles (Petit et al., 1999; Lisiecki and Raymo, 2005) .
Southern major glacial refugia made very limited contributions to postglacial recolonization in northern and eastern parts of the range
Both SDMs and the phylogeographic data indicate that the Y-G Plateau, in the southern part of P. adenopoda's current range, provided its main glacial refugia, as discussed above. However, our nSSR data appear to exclude most of the Y-G Plateau as a source of material for postglacial recolonization of northern and eastern parts of the range. The populations from the Y-G Plateau contain principally STRUCTURE cluster 1 (Fig. 5) , which is very rare elsewhere, indicating very limited gene flow out of the Y-G Plateau. To confirm this pattern, we estimated gene flow between five groups of populations (separated by genetic discontinuities identified by BARRIER analyses, as shown in Fig. 5D and Supplementary Data Fig. S4 ), using MIGRATE. According to both models, there was very limited historical gene flow between group III (mainly located on the Y-G Plateau) and either group IV (mainly located in the mountainous regions east and north of the Sichuan Basin) or group V (located in eastern parts of the range) ( Table 3 , Supplementary  Data Fig. S5 ). Hence, major glacial refugia in the Y-G Plateau may have made very limited contributions to the postglacial recolonization of northern and eastern parts of the range.
However, there may have been minor glacial refugia (microrefugia and cryptic refugia) to the north of the major southern glacial refugia during the LGM, and they may have contributed significantly to postglacial recolonization by the northern group IV and group V. Several lines of evidence support this hypothesis. First, SDMs predicted the presence of moderately suitable habitats in the areas occupied by southern elements of group IV, and a few populations of group V, during the LGM. Second, the STRUCTURE analysis indicates that populations in the north form discernible subgroups, with similar proportions of clusters, e.g. P29-31, P27-28, P18-23 + P34, P32 + 33 and P36 + 37 + 38 + 39 (Fig. 5) . Finally, many populations in groups IV and V have higher corrected allele richness (Ar_5) and expected heterozygosity (H e ) than populations in other groups (Supplementary Data Table S1 , Fig. 4) , indicating admixture of different lineages that probably survived in different minor glacial refugia. MIGRATE analysis based on nSSR data suggests that gene flow from group IV to group V was stronger than flows in the opposite direction (Table 3 , Supplementary  Data Fig. S5 ), also suggesting lineage admixture. Moreover, without lineage admixture, founder effects usually lead to lower allele richness and expected heterozygosity during range expansion (Freeland et al., 2011) . A recent study on Alnus incana in Europe found evidence of a similar pattern, of postglacial recolonization of northern parts of the range from minor glacial refugia in central parts, rather than from major glacial refugia in the southern part (Mandák et al., 2016) .
Two caveats regarding our genetic survey should be noted. First, recolonization of northern and eastern parts of P. adenopoda's range could have started from undetected glacial refugia. For example, group V may have come from the Wuyi Mountains in south-eastern China, which provide highly suitable habitats according to our present-day SDMs (Fig. 7A) , and there are herbarium records of populations at various sites in the region. However, we have found no populations there, despite visiting these sites several times. This area has a dense human population, some of these P. adenopoda populations were eliminated by changes in land use (e.g. the population at Longjing, Zhejiang, was destroyed by a farmer cutting down the aspens to make space for cultivating tea), and others probably met several fates. Nevertheless, future genetic surveys of the species should include samples from peripheral parts of the range, as well as the known sampling sites we used in this study. The other caveat is that, although our sampling covered most of the range of P. adenopoda, our inferences were based on a limited number of DNA markers (four cpDNA fragments and ten nSSR loci). We believe we have captured the predominant pattern of the Quaternary population evolutionary history of P. adenopoda, but future population genomic surveys will probably provide a clearer picture.
In summary, our integrative approach revealed that P. adenopoda has had a complex evolutionary history in China. The SDMs clearly suggested a southward contraction during the LGM, and low haplotype diversity in the north of the present range fits a model of postglacial expansion. All our data indicate that the Y-G Plateau provided major glacial refugia, but populations in minor glacial refugia in central parts of the species' range may have contributed substantially more to its postglacial range expansion. Our DIYABC simulations support the hypothesis that the species has experienced at least one expansion, a bottleneck and second expansion roughly coinciding with initiation of the LIG, the start of the LGM and the end of the LGM, respectively. The species' populations may have experienced more dynamic distributional changes than most of the other tree species in subtropical China. Our study, and other recent studies, emphasize the importance of combining multiple lines of evidence, including (inter alia) distributions of uni-and bi-parentally inherited markers, coalescent-based analyses, SDMs, fossil records and related analyses, when inferring Quaternary population evolutionary histories of species in topographically complex regions.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Fig. S1 : phylogenetic tree based on 13 cpDNA haplotypes (H1-H13) of P. adenopoda and 21 cpDNA haplotypes (H1-H21) of the P. davidianarotundifolia complex. Fig. S2 : comparison of the cumulative probability of identity for unrelated individuals (P (ID)), and siblings (P (ID) sib), P < 0.01. Fig. S3 : isolation-by-distance plots showing the correlation between genetic distance [y-axis: F ST /(1 -F ST )], based on nSSR data, and geographical distance (x-axis: natural geographical distance) between the 39 sampled populations. Fig. S4 : major genetic discontinuities in nSSR genotypes of populations in different sampling areas inferred by Monmonier's maximum difference algorithm implemented in BARRIER. Fig. S5 : illustrative representation of the effective population size (N e ) and effective migration rates (N e m) of the five BARRIER-inferred population groups under two hypotheses: (a) variable θ and (b) same θ. Fig. S6 : results of Bayesian clustering analysis of nSSR data to determine the optimum number of clusters (K) for the 39 sampled populations. Fig. S7 : results of Bayesian clustering analysis of nSSR data to determine the optimum number of clusters (K) for both the 39 sampled populations of P. adenopoda and 76 sampled populations of the P. davidiana-rotundifolia complex. Fig. S8 : plots showing fitness of competing scenarios (Sc1-Sc6), based on direct estimates and logistic regression, simulated in DIYABC. Fig.  S9 : potential distributions of P. adenopoda under future global warming scenarios derived, using the field survey dataset (39 presence sites), from species distribution models implemented in MAXENT. Fig. S10 : distribution dynamics of P. adenopoda from the late Quaternary to the present derived, using the field survey and herbarium sample dataset (81 presence sites), from species distribution models implemented in MAXENT. Table S1 : details of sample locations, sample sizes and descriptive statistics of genetic variability for the 39 populations of Populus adenopoda. Table S2 : primers used for amplifying and sequencing (a) cpDNA regions and (b) nSSR loci. Table S3: prior settings for all parameters used when simulating DIYABC scenarios. Table S4 : sequence variations among the 13 haplotypes (H1-H13) detected in the four examined cpDNA regions. Table S5 : results of analysis of molecular variance (AMOVA) of groups detected by BARRIER and populations of Populus adenopoda based on nSSR data. Table S6 : effective population sizes (N e ) of Populus adenopoda and effective migration rates (N e m) between the five groups of the species' populations. Table S7 : estimates of type I and type II error probabilities for the six scenarios in DIYABC. Table S8 : estimates of posterior distributions of parameters obtained from the approximate Bayesian computation (ABC) for the best scenarios for the demographic history of Populus adenopoda, with time parameters (t and db, unit years) scaled by an assumed generation time of 40 years. Table S9 : estimates of posterior distributions of parameters obtained from the ABC for the best scenarios for the demographic history of Populus adenopoda, with time parameters (t and db, unit years) scaled by assumed generation times of 20 and 60 years.
